The Drosophila mushroom bodies are critical association areas whose role in olfactory associative learning has been well characterized. Recent behavioral studies using a taste association paradigm revealed that gustatory conditioning also requires the mushroom bodies (Masek and Scott, 2010; Keene and Masek, 2012). Here, we examine the representations of tastes and the neural sites for taste associations in the mushroom bodies. Using molecular genetic approaches to target different neuronal populations, we find that the gamma lobes of the mushroom bodies and a subset of dopaminergic input neurons are required for taste associative learning. Monitoring responses to taste compounds in the mushroom body calyx with calcium imaging reveals sparse, taste-specific and organ-specific activation in the Kenyon cell dendrites of the main calyx and the dorsal accessory calyx. Our work provides insight into gustatory representations in the mushroom bodies, revealing the essential role of gustatory inputs not only as rewards and punishments but also as adaptive cues.
Introduction
Learning allows animals to alter their behavior in response to previous experience. Even innate behavioral drives elicited by sensory detection, such as the decision to initiate feeding, may be modified if associated previously with a noxious stimulus.
A central site for experiential learning in Drosophila is the mushroom body (MB) (Heisenberg, 2003; Davis, 2005; Keene and Waddell, 2007) . The dendrites of the MB principle cells, the Kenyon cells (KCs), receive sparse, random inputs from olfactory projection neurons (PNs). Activity in different ensembles of KCs encodes unique odor blends, enabling associations between a vast array of odor combinations and learned behaviors (Murthy et al., 2008; Caron et al., 2013; Gruntman and Turner, 2013) . In contrast to odor inputs at the KC dendrites, aminergic neural processes wrap around KC axonal lobes to convey unconditioned stimuli (US), such as reward or punishment (Claridge-Chang et al., 2009; Burke et al., 2012; Liu et al., 2012) . The coincident detection of an odor [conditioned stimulus (CS)] and a US is thought to alter synapse strength at the MB outputs (Cassenaer and Laurent, 2012) , producing a longlasting association between the odor and the unconditioned response.
Although odors act as CS and tastes can act as US, the diversity of sensory information that the MB integrates is unresolved. Anatomical studies of insect MB inputs suggest that visual, tactile, and gustatory cues are processed in different MB calyx compartments as CS (Menzel, 2014) . In addition, behavioral studies in Drosophila argue that the MB receives multimodal inputs, because they are required for taste conditioning, courtship conditioning, and some forms of visual learning (Zars, 2000; Masek and Scott, 2010) .
To gain insight into sensory processing in the MB, we examined how taste information is represented in this brain region. Drosophila taste with gustatory neurons on the proboscis labelum, internal mouthpart organs, legs, and wings (Stocker, 1994) . Gustatory neurons express different gustatory receptors, detect different taste modalities, including sugar, bitter, and water tastes (Liman et al., 2014) , and send axons to the subesophageal zone (SEZ) of the brain (Stocker, 1994) . Pathways from the SEZ to higher brain regions have not yet been identified in Drosophila.
Evidence that the MB processes tastes as CS and US comes from behavioral taste conditioning experiments (Masek and Scott, 2010; Keene and Masek, 2012) . A simple taste behavior is the proboscis extension response (PER): when leg gustatory neurons detect sucrose, the fly extends its proboscis to eat. Pairing sucrose stimulation to the leg (CS) with an aversive stimulus (US) causes short-term inhibition of proboscis extension. This learned behavior requires the MB, but the neural processing in the MB that underlies taste conditioning is unknown.
Here, we used behavioral and calcium imaging studies to examine taste representations in the MB and the role of these structures in aversive taste conditioning. These studies reveal that taste inputs into the main calyx are segregated by taste modality and taste organ. In combination with aminergic lobe inputs, this or-ganization may allow tastes to serve as both sensory inputs to be contextualized and rewards or punishments.
Materials and Methods
Fly strains. The following fly lines were used: 247-Gal4 (Schulz et al., 1996; Zars et al., 2000), c772-Gal4 and H24 -Gal4 (Zars et al., 2000) , c739 -Gal4 (O'Dell et al., 1995; Yang et al., 1995), c320 -Gal4 (Martini and Davis, 2005; Krashes et al., 2007 ), c305a-Gal4, MB-Gal80 (Krashes et al., 2007 ), NP1131-Gal4 and NP3061-Gal4 (Tanaka et al., 2008 Aso et al., 2009 ), Tdc2-Gal4 (Cole et al., 2005 , Trh-Gal4 (Sitaraman et al., 2012) , tyrosine hydroxylase (TH )-Gal4 (Friggi-Grelin et al., 2003) , HL9 -Gal4 (Claridge-Chang et al., 2009) , UAS-shibire ts (Kitamoto, 2001 ), OK107-Gal4 (Connolly et al., 1996 , UAS-GCaMP5 (Akerboom et al., 2012) , UAS-GCaMP6s , LexAop-dTRPA1 (Hamada et al., 2008 ), Orco-LexA (Lai and Lee, 2006 ), and NP3208 -Gal4 (Tanaka et al., 2008 . Flies were grown on standard fly food.
Learning assay. Five-to 7-d-old female flies were starved for 24 h in a vial on a wet Kimwipe (Kimberly-Clark). Flies were then anesthetized with CO 2 and affixed individually to a glass slide with clear nail polish. After recovering in a humid chamber for 2 h, flies were water satiated before training and were presented with 500 mM sucrose (CS) three times on the tarsi before testing. Any fly that did not show a robust PER to each sucrose stimulation was removed from the study. Each learning trial consisted of a presentation of the CS on the tarsi, quickly followed by a stimulation of 50 mM quinine (US) on the proboscis. A single trial was used for 5 min memory tests and 25 trials for 30 min memory tests. In multiple-trial studies, the US was only presented when the fly extended its proboscis to the CS. The intertrial interval was 2 min, during which flies were rinsed with, and were able to consume, water. After training, flies were presented with only the CS on their tarsi once every 5 or 15 min. Flies that did not perform a PER to sucrose, and hence showed successful learned suppression, were counted and compared with the number of flies that extended (either partially or fully). For shibire ts (Shi ts ) experiments, the flies' temperature was raised to 32°C by placing them in a heated chamber 20 min before the assay in which they were maintained at that temperature throughout the experiment for conditional neural inactivation, whereas the same genotype control flies were kept at 22°C. In single-leg experiments, the CS was presented to either the right or left tarsi exclusively. Percentages of PER are reported on the graphs, and the 95% confidence intervals (CIs) were calculated based on the population mean and SD using the Wald method. Differences in PER frequency between experimental and control groups were compared using Fisher's exact test (2 ϫ 2 matrix: low temperature, high temperature, PER yes, PER no), appropriate for categorical data.
Calcium imaging. For imaging of the calyx, 2-to 3-d-old female flies were affixed to a piece of packing tape in an imaging chamber with a fine strand of tape securing their necks. A small hole was cut in the top of the tape, exposing the fly's head, which was stabilized with dental wax and dissected in cold artificial hemolymph to expose the dorsal region of the brain. Tarsi and proboscis were waxed into extended positions to allow for tastant stimulation. For imaging of the paired posterior lateral 1 (PPL1) cluster of neurons, flies were prepared as described previously (Marella et al., 2006) . Flies were imaged on a 3i spinning-disk confocal microscope with a 40ϫ water-immersion objective and a 488 nm laser. A piezo drive allowed for imaging of z-stacks of 18 -20 1-m slices at a z-stack rate of ϳ1 Hz, making it possible to scan an approximate volume of 150 ϫ 150 ϫ 20 m across time.
For all calcium imaging experiments, tastants were presented to the fly via a glass capillary for 1-2 s. For PPL1 imaging, 1 M sucrose and a mix of 50 mM caffeine and 60 mM denatonium were used as tastants. Both were diluted in 20% polyethylene glycol to eliminate activation of the water sensory cells. Noxious heat shock was performed by touching a custombuilt heat probe to the abdomen of the fly, which rose to ϳ40°C and decayed back to room temperature over ϳ3 s. For MB calyx imaging, the following tastants were used: (1) 1 M sucrose, 100 mM quinine (highconcentration tastants were used to eliminate possible confounds attributable to water cell activation), and water (for across-modality experiments); (2) 200 mM fructose and 300 mM glucose [for withinmodality experiments, tastants chosen based on preferential equivalence (Masek and Scott, 2010) ]; (3) 1 M sucrose (for taste organ experiments); and (4) 1 M sucrose, 7 mM quinine, and 300 mM glucose (images in Fig. 6 ). Transient receptor potential A1 (TRPA1) stimulation during imaging was performed as described previously (Mann et al., 2013) . In general, tastants were presented twice during each scan, with two to three scans per condition.
To analyze the data, the ⌬F/F activation of each plane was compared across four to six stimulations of a single tastant to determine repeatable, nonrandom activity. Active claws or cells were then identified manually and compared across conditions to determine overlap. To generate comparison figures, ⌬F images were thresholded by intensity and size and then overlaid on an single-plane image of the background intensity. Comparisons between groups were performed using Fisher's exact test on the summed data (2 ϫ 2 matrix: overlapping claws, non-overlapping claws, Group 1, Group 2) and were corrected for multiple comparisons using the Bonferroni's method. PPL1 calcium traces were calculated by manually drawing ROIs and then dividing the change in fluorescence by the average intensity of the first five frames. Traces for each ROI were averaged across five flies.
Results
The gamma lobes are required for short-term taste memories The KCs of the MB are divided into three main classes based on axonal arborizations in the ␣/␤, ␣Ј/␤Ј, and ␥ lobes. Previous studies have identified functional specializations among and within the classes, with different subsets playing different roles in the phase, type, and length of associative memory (van Swinderen, 2009 ). In general, the ␣/␤ neurons are essential for olfactory long-term memory (LTM), the ␣Ј/␤Ј neurons are necessary for medium-term memory and LTM consolidation, and the ␥ neurons are required for short-term memory (STM) and courtship conditioning (Zars et al., 2000; McGuire et al., 2001; Keleman et al., 2007; Krashes et al., 2007; Blum et al., 2009; Trannoy et al., 2011) .
To study the role of the MB classes in aversive taste conditioning, we modified a learning assay in which two different taste compounds are used as the CS and the US (Keene and Masek, 2012). Flies were stimulated on the tarsi with the appetitive CS, 500 mM sucrose, causing the PER, whereupon the bitter US, 50 mM quinine, was applied briefly to the proboscis (Fig. 1B) . Memory was assessed after training by presenting the CS and recording the PER. Flies formed a rapid, one-trial conditioned aversion that was retained 5 min after training and decayed rapidly (Fig. 1C) .
To determine the role of each class of MB cells in the formation of taste memories, we transiently blocked the synaptic output of KCs using the temperature-sensitive, dominant-negative dynamin shibire ts (UAS-shi ts ; Kitamoto, 2001) while flies underwent aversive taste conditioning. All Gal4/UAS-shi ts lines showed normal memory formation at permissive temperature ( Fig. 1D -H ). When output was blocked in two Gal4 lines that label the majority of MB KCs (Fig. 1D , 247-Gal4 and c772-Gal4 ), memory was severely disrupted. No changes in memory performance were observed when synaptic output was blocked from the ␣/␤ or the ␣Ј/␤Ј lobes ( Fig. 1 E, F, respectively) . However, blocking synaptic output of the ␥ lobe neurons (using NP1131-Gal4 and H24 -Gal4 ) completely abolished conditioned aversion (Fig. 1G) . To ensure that the block of conditioned aversion was attributable to silencing ␥ lobe neurons rather than other neurons in the Gal4 lines, we repeated the experiments including MB-Gal80 to prevent expression of shi ts in MB lobes (Krashes et al., 2007) . Under these conditions, flies showed normal conditioned aversion (Fig. 1H ) , arguing that silencing ␥ lobe neurons in these lines is required to block conditioned aversion. These experiments show that the ␥ lobe is the site of aversive taste memory formation in the MB. Because the ␥ lobes are known to participate in STM, we wondered whether additional lobes would contribute to taste conditioning if we altered the learning paradigm to generate memories of a longer duration. Increasing the trial number from a single pairing to 25 pairings of the US and CS increased the length of memory retention, with a robust memory after 30 min ( Figure  1D-H ) . The conditioned behavior required the MB, with a requirement for the ␥ lobes but not the ␣/␤ or ␣Ј/␤Ј lobes. Interestingly, only one of the two ␥ lobe lines was required for multitrial memory. Inclusion of MB-Gal80 restored conditioned aversion, arguing that silencing MB neurons is required to prevent conditioned aversion. The differences in the requirement of the two ␥ lobe lines for conditioned aversion could be attributable to the higher number of ␥ lobe neurons labeled in NP1131-Gal4 compared with H24 -Gal4 (Aso et al. 2009 ), the small number of non-␥ ⌴〉 neurons labeled, or differences in expression levels of the reporters. These results demonstrate the requirement of MB neurons for taste conditioning.
PPL1 dopaminergic neurons encode bitter punishment signals
Gustatory stimuli act as rewards and punishments in olfactory associative learning, suggesting that these same pathways may also be used for taste conditioning. For example, a subset of dopamine (DA) neurons, the paired anterior medial (PAM) neurons, responds to sensory detection of sucrose and signals sucrose reward (Burke et al., 2012; Liu et al., 2012) . Other aminergic neurons that convey reward or punishment signals include DA PPL1 neurons that carry an aversive signal (Claridge-Chang et al., 2009), octopamine (OA) neurons that participate in reward (Burke et al., 2012) , and seroton (5-HT) neurons that have been implicated in both punishment and reward (Sitaraman et al., 2008 (Sitaraman et al., , 2012 .
To test whether taste conditioning acts via these aminergic neurons, we inhibited the synaptic output of different classes of aminergic neurons during taste conditioning. No memory deficit was observed when 5-HT neurons or OA neurons were silenced with UAS-shi ts , showing that neither population has an essential function in taste memory (Fig. 2) . To investigate the role of DA, we used two Gal4 driver lines, TH-Gal4 and HL9 -Gal4, that label partially overlapping sets of DA neurons. Of the DA neurons that innervate the MB, TH-Gal4 preferentially labels PPL1 neurons, whereas HL9 -Gal4 preferentially labels the majority of PAM neurons (Claridge-Chang et al., 2009), allowing us to differentiate between the DA neurons implicated in aversive and appetitive reinforcement, respectively. Silencing TH-Gal4 resulted in complete abolition of aversive taste memory, whereas HL9 -Gal4/ UAS-shi ts flies showed no effect (Fig. 2) . Although TH-Gal4 labels many neurons, the only TH-Gal4 neurons that innervate the MB and are not found in HL9 -Gal4 are PPL1 neurons (Claridge-Chang et al., 2009) , suggesting that the PPL1 cluster, but not the PAM cluster, may be required for aversive taste learning.
Previous studies of PPL1 neurons showed that they are necessary for shock-induced olfactory aversive conditioning and that they respond to temperature decreases (Tomchik, 2013) and the chemical repellent DEET (Das et al., 2014) , suggesting that PPL1 encodes multiple types of aversive US. We next used calcium imaging to test whether DA neurons respond to bitter stimuli and signal the bitter US by expressing GCaMP6s in TH-Gal4 neurons. Using a spinning-disk microscope equipped with a piezo drive, we were able to record calcium signals in a threedimensional volume over time in live flies. No calcium activity was observed in the calyx (Fig. 3 A, B) , ruling out the PPL2ab cluster, so analysis was focused on five subsets of PPL1 neurons that innervate the MB lobes: Medial lobe pedunculus 1 (MP1), medial vertical lobes 1 (MV1), vertical lobe 1 (V1), and the neurons that innervate the tips of the ␣ and ␣Ј lobes (Fig. 3C) . PPL1 neurons showed strong responses to bitter stimulation of the proboscis and to a noxious heat shock to the abdomen but did not respond to sugar sensory stimulation, arguing that PPL1 carries the bitter aversive signal (Fig. 3C,D) . Interestingly, bitter and heat show slightly different activation patterns, with MB-MP1 neurons responding to bitter but not heat and the ␣Ј tip neurons responding to heat but not bitter. These data suggest that the PPL1 cluster encodes a general aversive signal, but individual neurons within the cluster may have more specific response properties.
Interestingly, the neurons implicated previously in relaying sugar information to the MB, OA neurons, and PAM DA neurons (Burke et al., 2012; Liu et al., 2012) played no role in aversive taste conditioning, despite sugar stimulation serving as the CS in this paradigm. This suggests that taste information is relayed to the MB via multiple pathways.
Representations of taste modalities in the main calyx
If information about the sugar CS is not reaching the axonal MB lobes indirectly through the aminergic reinforcement circuitry, it might be directly conveyed to the MB dendrites in a manner similar to olfactory CS. The dendrites of KCs form a dense cloud of neuropil called the calyx. Olfactory PNs, which relay information from the antennal lobes, extend large boutons into this region, in which each bouton is wrapped individually in dendrites from multiple KCs, forming microglomeruli known as synaptic claws (Leiss et al., 2009) .
To examine taste activation in the calyx, we drove expression of the genetically encoded calcium indicator UAS-GCaMP5 with OK107-Gal4, which drives strong expression in KCs (Aso et al., 2009) . Calcium responses in the calyx were monitored as tastants were presented to the tarsi or the proboscis of the fly. The entire volume of the calyx was analyzed for each stimulation. Olfactory organs were removed to prevent possible confounds.
Tastants produced sparse activation of claws in the main calyx (Fig. 4) . To examine how taste information is encoded in the MB, multiple tastants were presented to each fly and active claws were counted and compared. Tastants that activate different sensory cells in the periphery, such as sugar and bitter (Fig. 4 A, D) or sugar and water (Fig. 4 B, E) , activated different populations of claws, with only 4 Ϯ 2.8 and 6 Ϯ 6.2% (mean Ϯ SD) of claws responding to both stimuli, respectively. However, tastants that activate the same peripheral cells matched for perceived intensity (Masek and Scott, 2010) , such as the two sugars fructose and glucose (Fig. 4C,F ) , activated primarily overlapping populations (78.9 Ϯ 6.6%). The difference in overlap between the tastants within a modality (the two sugars fructose and glucose) and those across modalities (sugar and water, or sugar and bitter) is highly significant ( p Ͻ 0.0001, Fisher's exact test with Bonferroni's correction). These data reveal that activation of different gustatory cells in the periphery is represented as activation of different MB calyx claws and provide a potential mechanism for discrimination across, but not within, modalities (Masek and Scott, 2010) .
Different taste organs activate partially overlapping populations of KC claws
In insects, gustatory neurons are found on the proboscis, legs, and wings (Stocker, 1994; Wang et al., 2004) . Different taste or-gans project to distinct regions of the SEZ and ventral nerve cord (Stocker, 1994; Wang et al., 2004) , but it is unknown whether this organotopic segregation is maintained in the higher brain. To examine whether MB receives inputs from multiple taste organs, we monitored calcium responses in the main calyx while presenting the same tastant to the legs or the proboscis. Proboscis and leg stimulation activated partially overlapping claw populations, with both singular and shared representations (14 Ϯ 8.5% for leg only, 43 Ϯ 2.9% for proboscis only, and 43 Ϯ 9.4% for both; Fig.  5 A, C) . Similarly, comparing stimulation of the left foreleg and the right foreleg revealed different leg representations, with the representation of the contralateral leg primarily subsumed within the larger ipsilateral leg representation (4.6 Ϯ 4.5% for contralateral only, 45.4 Ϯ 22.3% for ipsilateral only, and 50 Ϯ 25.1% for both; Fig. 5 B, D) . Thus, both different taste modalities and different taste organs have unique representations in the MB calyx, suggesting that these inputs have the potential to be differentially and independently modified by learning.
To test whether the different representations translate into independent learned associations, we asked whether taste conditioning was leg specific. We paired five trials of sucrose on the right tarsi with bitter punishment on the proboscis and then tested whether flies would extend the proboscis to sucrose stimulation on the right or left legs. Remarkably, flies only suppressed the PER when the sucrose was presented to the trained leg and showed normal a PER when they sensed sugar on the untrained leg (Fig. 5E ). This demonstrates that associations are taste organ specific and suggests that different representations in the MB calyx enable independent associations.
Integration and segregation of gustatory and olfactory inputs
Our imaging studies revealed that gustatory stimuli activate the MB calyx, suggesting similarities between processing of tastes and odors as CS. Previous studies have shown that each KC extends dendrites into several synaptic claws and receives inputs from five to seven different olfactory PNs (Leiss et al., 2009) . To examine whether the same KC receives both gustatory and olfactory inputs, we monitored activity at the KC body in response to tastants and artificial activation of olfactory neurons. We sequentially stimulated the proboscis or the tarsi with tastants and then activated a large number of olfactory sensory classes by expressing the heat-activated dTRPA1 channel (Hamada et al., 2008) in many olfactory neurons using Orco- LexA (Lai and Lee, 2006) and presenting a heat probe to the antenna. The vast majority of KCs responded to exogenous olfactory activation, and a small number responded to tastants, with ϳ50% of the taste-responsive KCs also responsive to odors (Fig. 6 A, C) . Flies expressing LexAopdTRPA1 without the Orco-LexA driver showed no calcium activity in KCs in response to heat, confirming that the activity was driven by Orco activation not heat alone (numbers of KCs responsive to sugar and heat in flies with and without Orco-LexA are significantly different; U ϭ 0; p Ͻ 0.01, Mann-Whitney U test) . This argues that a single KC can integrate inputs across sensory modalities and organs, enabling multimodal associations with US.
Although tastants have a sparse representation in the main calyx, similar to the activation pattern of single odorants, we observed a clear difference in the response of the dorsal accessory calyx. Tastants, but not olfactory stimulation, activated the dorsal accessory calyx, a region that has been implicated in gustatory processing in many insects based on anatomy (Farris, 2008) . Bitter compounds and sucrose both activated the dorsal accessory calyx, providing a gustatory MB representation distinct from olfactory cues (Fig. 6D) . We tested the role of the dorsal accessory calyx in aversive taste conditioning, using NP3208 -Gal4 and UAS-Shi ts for acute silencing, and found that it was not required (permissive and restrictive temperature groups not significantly different; mean of 30 and 26.1%, respectively; n ϭ 46 -50; p ϭ 0.821, Fisher's exact test). Although the function of the dorsal accessory calyx is unknown, gustatory activation of this region demonstrates a compartmentalization of sensory inputs into the MB. Thus, gustatory inputs activate both the dorsal accessory calyx and the main calyx, with representations distinct from odor representations in the dorsal accessory calyx and sparse representations in the main calyx, similar to that of single odors.
Discussion
Our studies provide insight into sensory representations in the MB, demonstrating multiple independent entries for gustatory cues. Here, we show that tastes activate the MB not only via DA neurons signaling reward and punishment but also at the KC dendrites, providing a neural basis that enables tastes to signal innate value while also allowing taste responses to be modified by learning. These studies extend and broaden our understanding of the MB as a sensory integration center in the fly brain.
Previous studies of olfactory associative learning have established a pathway for rewards and punishments that is distinct from contextualized cues. Das et al., 2014). We find that PPL1 neurons are also required for conditioned taste aversion and respond to bitter taste stimulation of the proboscis, arguing that PPL1 neurons signal multiple aversive cues.
In addition to taste inputs at the MB axons, we also find that gustatory information, like olfactory information, triggers activity in the dendrites of the MB calyx. Elegant studies have shown that each KC receives inputs from a small, random subset of second-order olfactory neurons, providing the capacity to enable thousands of unique olfactory associations (Murthy et al., 2008; Caron et al., 2013; Gruntman and Turner, 2013) . Although the main calyx is primarily olfactory, we show here that gustatory information is also processed in the main calyx, with separate inputs for different taste modalities and both separate and shared inputs for different taste organs. Gustatory representations are sparse and represent ϳ3% of calyx inputs (based on bouton estimation in the study by . Some KC bodies respond to both odors and tastes, which may enable coding of multimodal CS. An additional representation in the dorsal calyx may enable associations to be categorized based on sensory modality or may allow for convergence of tastes with the nonchemical senses.
Because taste projections to higher brain centers have not yet been characterized, questions regarding the circuitry providing gustatory inputs to the MB remain. However, our current study provides direct evidence of gustatory inputs into the main calyx, with different representations for tastants of different modalities and different representations for different taste organs. Here, we show multimodal inputs into the MB, broadening our understanding of the neural coding underlying conditioned learning and providing a basis for examining taste circuitry in the higher brain. 
